The genomic organizations and functions of many miRNA genes have been described in recent years, but the origin and evolution of miRNAs in the exons of protein-coding genes are not well understood. The overlap of miR-650 genes with the protein-coding region of immunoglobulin lambda variable (IGVL) region genes has given a unique opportunity to witness a birth of miRNA gene. Both sequence comparisons and structure predictions indicate that the miR-650 genes are present in multiple copies and overlap in the same transcription orientation with the leader exon of primate IGVL genes of a specific phylogenetic clan (clan II). By reconstructing the phylogeny of the clan II IGVL genes, the stages in which the mutations accumulated in the leader exon and gave rise to a stable hairpin structure of miR-650 could be documented. The copy number variation of miR-650 genes among different species is the result of the duplication or deletion of the IGVL genes. To my knowledge, this is the first report of a genomic association between miRNA and the protein-coding genes of a multigene family. Analysis of the upstream region of the leader exon suggests that the IGVL and the mir-650 genes use the same promoter region for their transcription. However, in contrast to the general expectation about the expression of miRNAs that overlap with other genes in the same transcriptional orientation, this analysis provides evidence that the miR-650 gene is apparently transcribed independently of the IGVL gene with which it overlaps because they are expressed in different cell types.
Introduction
Micro-RNAs (miRNAs) are single-stranded, endogenously expressed small RNA molecules about 22 nucleotide (nt) long, which do not encode proteins but regulate gene expression (Lagos-Quintana et al. 2001; Lau et al. 2001; Lee and Ambros 2001) . They are transcribed in long precursors known as primary miRNAs (pri-miRNAs), containing characteristic stem-loop structures that are processed in the nucleus by a complex (called microprocessor) of RNase III enzyme Drosha and RNA-binding protein DGCR8 (Denli et al. 2004; Han et al. 2004 ). After their processing, the stem loop-shaped intermediates, pre-microRNAs, are exported to the cytoplasm where functionally matured miRNAs of about 22-nt length are excised by the RNase III enzyme Dicer (Hutvagner et al. 2001; Bartel and Chen 2004; Cullen 2004) . The miRNAs regulate gene expression at the posttranscriptional level by blocking the translation or by degenerating the target mRNAs (Bartel 2004) . Several hundred miRNA genes are currently known, and most of them are differentially expressed in different tissues (Lagos-Quintana et al. 2002; Aravin et al. 2003; Liu et al. 2004; Landgraf et al. 2007 ). Some miRNA genes show a high degree of conservation, and some are relatively poorly conserved among distantly related species (Lim et al. 2003; Bentwich et al. 2005; Houbaviy et al. 2005; Zhang et al. 2008) . However, the functional significance of the conservation versus divergence of miRNAs has not been well established. It has been suggested that in comparison with highly conserved miRNAs, poorly conserved miRNAs are a potentially more important source of functional novelties during evolution (Zhang et al. 2007 ).
Initially, it was thought that miRNA genes were located in the intergenic regions, but recent studies have shown that most of the mammalian miRNA genes are present in the defined transcription units (TUs) (Lau et al. 2001; Rodriguez et al. 2004 ). On the basis of their location in the annotated TUs, a majority of the miRNA genes can be categorized into three groups: 1) intronic miRNA genes in protein-coding TUs, 2) intronic miRNA genes in noncoding TUs, and 3) exonic miRNA genes in noncoding TUs (Rodriguez et al. 2004; Kim and Nam 2006) . In a few cases, miRNA genes are located in either an exon or an intron depending on the splicing pattern (Rodriguez et al. 2004; Kim and Nam 2006) . Micro-RNAs can also appear in clusters on a single polycistronic transcript (Tanzer and Stadler 2004; Glazov et al. 2008) . The miRNA genes located in the TUs with the same transcription orientation are thought to be cotranscribed with the host genes, whereas the miRNA genes located in intergenic regions or within TUs in antisense orientation have their own promoters (Lagos-Quintana et al. 2002; Aravin et al. 2003) . Recent studies indicate that miRNAs regulate gene expression in many different biological processes such as cellular differentiation (Kawasaki and Taira 2003) , embryonic development (Wienholds et al. 2005) , immune regulation (Hoefig and Heissmeyer 2008; Lindsay 2008) , heterochromatin formation (Verdel and Moazed 2005) , tumorigenesis (Lu et al. 2005) , etc. Because of their heterogeneity in genomic organization as well as in functional involvements, different miRNA genes might be subjected to different modes of evolution. However, the origin and evolution of different miRNA genes are not well studied. In particular, the evolutionary origins of miRNA genes in the exon of protein-coding TUs are not well understood. Previously, it was reported that new miRNAs are sometimes generated from non-miRNA sequences that accumulate nucleotide substitutions to become miRNA genes (Svoboda and Di Cara 2006; Lu et al. 2008) . Some others have arisen by duplication of the existing miRNA genes (Tanzer and Stadler 2004) or have been derived from transposable elements (Piriyapongsa et al. 2007) . A survey of the genomic context of human miRNA genes in miRBase (Release 11.0) (Griffiths-Jones et al. 2008) shows that the hsa-miR-650 gene is located in the immunoglobulin lambda light chain variable (IGVL) genes. The hsa-miR-650 gene was originally identified from the expressed miRNAs of human colorectal cells (Cummins et al. 2006) . Here I have analyzed 10 completely sequenced mammalian genomes to determine the genomic organization, origin, and evolution of miR-650 genes. This comprehensive study of miR-650 genes along with the host IGVL genes elucidates not only the origin and evolution of the miR-650 gene family but also facilitates the understanding of the functional aspects of their novel structural association.
Materials and Methods

Retrieval of Homologous hsa-miR-650 Sequences
Publicly accessible human hsa-miR-650 sequence (accession number MI0003665) was obtained from miRBase (Release 11.0) (Griffiths-Jones et al. 2008 
Secondary Structure Prediction
Secondary structures of miRNAs were predicted by RNAfold program (available at http://rna.tbi.univie.ac.at) (Gruber et al. 2008) . The program predicts the stem loop of the input sequences based on minimum free energy (MFE) structures using the dynamic programing algorithm (Zuker and Stiegler 1981) and base-pair probabilities using the partition function algorithm (McCaskill 1990) . The reliability of the secondary structures was verified by comparing the mountain plot presentations of the MFE structure and the centroid structure (available as graphical output from the RNAfold server). The centroid structure is the structure with the minimal base-pair distance to all structures in the thermodynamic ensemble (Ding et al. 2005) . Thus, the centroid structure can be considered as the single structure that best represents the central tendency of a set of structures. The higher the extent of overlap of the mountain plots of the MFE structure and the centroid structure, the more reliable the structural prediction (Gruber et al. 2008) .
Sequence Alignments
All the retrieved homologous sequences were aligned with the query sequence (MI0003665) using the ClustalW program (Thompson et al. 1994 ) and the alignments were inspected manually to maximize similarity. The alignments of the predicted secondary structures were carried out based on the linear alignments of nucleotide sequences.
Identification of IGVL Genes I used IGVL sequences that were identified in a previous study (Das, Nikolaidis, et al. 2008 ) on seven mammalian species (i.e., human, mouse, rat, cow, horse, opossum, and platypus). To retrieve chimpanzee, orangutan, and macaque IGVL genes, I performed two rounds of TBlastN search against the genome sequences with the cutoff E-value of 10
À15
. In the first round, the amino acid sequences of three known IGVL sequences (accession numbers X53936, X57811, and M99606) of human were used as queries. Because these queries are similar to one another, they hit the same genomic regions. I extracted only nonoverlapping sequences given by the best hit (with the lowest E-value). On the basis of sequence similarity, some immunoglobulin light chain variable sequences of another isotype (kappa) were found as significant hits in the Blast search with the cutoff E-value of 10 À15 . I identified the kappa variable genes (IGVK) using IGVK-specific molecular markers (Das, Nikolaidis, et al. 2008 ) and excluded them from the analysis. The retrieved IGVL sequences that aligned with the query sequence without any frameshift mutations and/or premature stop codons in the leader sequence and the V-exon, encoded the two conserved Cys residues in framework regions (FRs) 1 and 3, respectively, and had a proper recombination signal sequence (RSS) were regarded as potentially functional IGVL genes. Other sequences (including truncated ones) were regarded as IGVL pseudogenes. The first-round Blast best-hit sequences of a specific organism were used as queries in the second round of TBlastN search to find additional IGVL sequences in the chimpanzee, orangutan, and macaque.
Phylogenetic Analysis
The phylogenetic trees were constructed by the Neighbor-Joining (NJ) (Saitou and Nei 1987 ) method based on the pairwise deletion option using the MEGA4.0 program (Tamura et al. 2007 ). The p-distance method (Nei and Kumar 2000) was used to calculate evolutionary distances. The reliability of the tree was assessed by bootstrap resampling with a minimum of 1,000 replications.
Hydropathy Profiles of Signal Peptides
Hydropathicity of IGVL signal peptides was calculated using Kyte and Doolittle scale (Kyte and Doolittle 1982) .
Repetitive Sequence Analysis
The analysis of repetitive elements present in the 10-kb flanking regions of the 5# and 3# ends of IGVL genes was carried out using CENSOR software tool (Kohany et al. 2006) .
Results
Overlap of miR-650 Genes and IGVL Genes
The study of genomic organization revealed that the hsa-miR-650 gene (accession number MI0003665) overlaps with the leader exon of IGVL gene ( fig. 1A ). The IGVL genes consist of two exons (leader and V-exons), which are separated by an intron (;100 nt in length). The leader exon is ;89 nt long and encodes 15 amino acid (aa) residues of the signal peptide (19 aa in length). Both the miR-650 and IGVL genes are almost completely overlapping with each other except 2 and 5 nt at the upstream and downstream regions of the leader exon, respectively, and both genes are found in the same transcription orientation ( fig. 1A and supplementary fig. 1 , Supplementary Material online). The Untranslated Region (UTR) of the IGVL leader exon contains the mature miRNA sequence, whereas its complementary sequence is located in protein-coding sequences (CDSs). The promoter region of the IGVL gene consists of the conserved octamer sequence (ATTTGCAT) and the TATA box located within 100 nt upstream of the leader exon (Vasicek and Leder 1990) . Analysis of the DNA sequences 300 nt upstream of the leader exon using SIGNAL SCAN program (Prestridge 1991) revealed the presence of the IGVL-specific octamer transcriptional element but no micro-RNA-specific transcriptional element (data not shown). It can, therefore, be assumed that the IGVL and the miR-650 genes use the same promoter region for their transcription. This is consistent with the previous proposition that miRNAs located in TUs with the same transcriptional orientation usually use the same promoter (Bartel 2004; Eis et al. 2005; Kim and Kim 2007) .
Genomewide Search for miR-650 Genes
To find hsa-miR-650 homologs in the draft genome sequences of 10 mammalian species, the BlastN search was carried out using 96-nt-long hsa-miR-650 sequence (accession number MI0003665) as a primary query and the best-hit sequences of the first-round search in each species as queries of the second-round search. With the exception of four primate species (human, chimpanzee, orangutan, and macaque), the homology search did not detect any sequence within a cutoff E-value of 10 À30 in other mammalian genomes (BlastN search with a lower cutoff E-values up to 10 À5 found no other hits except 12 horse sequences and 4 cow sequences that overlap with the horse and cow IGVL genes included in the analyses shown in the later section). In the genomes of the four primate species, I found multiple copies of hsa-miR-650 homologs and their numbers varying from species to species (table 1) . There were 9, 10, 11, and 11 miR-650 genes present in the human, chimpanzee, orangutan, and macaque genomes, respectively. The annotations of all retrieved hsa-miR-650 homologs in primates indicate that IGVL genes with miR-650 genes are localized in clusters (see fig. 1B and supplementary table 1, Supplementary Material online). The human, chimpanzee, and orangutan miR-650 genes are located on chromosome 22, and the macaque miR-650 genes are on chromosome 10. However, because of the incompleteness of the genome assemblies, four miR-650 genes in chimpanzee and five genes in macaque could not be assigned to a specific region.
The genomic context of all miR-650 genes with respect to the leader exon of IGVL gene is exactly the same (see fig. 1A ). The mature region (MR) of the query sequence (hsa-miR-650) is 21 nt long. This MR acts as a posttranscriptional regulatory element, which contains 7-nt-long (GGAGGCA) seed sequence important for recognition of target genes by complementally binding to the 3# UTRs of mRNA. To determine whether the hsa-miR-650 homologs in four primate species are potential candidates for functional miRNA genes, I used two criteria: 1) !15 nt base pairing (.70% arm base pairing) in the mature and complementary regions (CRs) of the predicted hairpin structure (Ambros et al. 2003; Stark et al. 2007) . 2) Position of the terminal loop (TL), which does not include the MR (Ambros et al. 2003) . If these two criteria were fulfilled, the miR-650 genes were regarded as functional. The sequences of functional miR-650 genes were very similar differing by only a few nucleotides, and all potentially functional miR-650 genes had perfect conservation of the seed sequences ( fig. 2) . The numbers of potentially functional miR-650 genes in the four primate species are given in table 1. Association between IGVL and miR-650 Genes in a Specific Phylogenetic Clan As shown in figure 1B , the miR-650 genes are associated with some IGVL genes only. To determine whether the miR-650 genes are associated with evolutionary closely related IGVL genes or whether they are randomly associated with any group of IGVL genes, I analyzed the phylogenetic relationship of the amino acid sequences encoded in all IGVL genes (except truncated pseudogenes) in each primate species separately. The human IGVL sequences have been found to fall into six major clans (clans I-VI), clearly supported by high (.80%) bootstrap values ( fig. 3A) . All the IGVL genes with the miR-650 genes in humans are clustered together and belong to clan II ( fig. 3A) . Similarly in chimpanzee, orangutan, and macaque all miR-650-bearing IGVL genes clustered together in a single clan on phylogenetic trees with high bootstrap support (data not shown). When the phylogenetic tree was constructed for human IGVL sequences and the miR-650-bearing IGVL sequences of each of the nonhuman primates separately, a specific cluster was found for all miR-650-bearing IGVL sequences. One example is shown in figure 3B , which represents the phylogenetic tree for all the human IGVL sequences and the macaque miR-650-bearing IGVL sequences. These observations suggest that all miR-650-bearing IGVL genes (i.e., clan II genes) are evolutionary closely related to one another and that they have a common origin.
Clan II IGVL Homologs in Nonprimate Mammals
To study whether clan II IGVL homologs are present also in nonprimate species, the phylogenetic trees were constructed for human sequences combining the sequences from a given nonprimate species (i.e., human-mouse, human-cow, human-horse, etc.). By these phylogenetic analyses, no clear-cut homologs of clan II IGVL could be found in nonprimate species (see supplementary fig. 2 , Supplementary Material online). This result is in agreement with the previous findings (Das, Nikolaidis, et al. 2008 ) that the evolutionary relationships of the IGVL genes, which are short and evolve relatively fast (Ota et al. 2000) , are difficult to resolve between distantly related species by phylogenetic tree building methods. Therefore, I used an alternative approach to find clan II IGVL homologs in nonprimate species, an approach based on the definition of molecular cladistic markers (Das, Nikolaidis, et al. 2008 ). The clan II-specific markers were found both in the signal peptides and in the encoded amino acid sequences of V-exons ( fig. 4  and supplementary fig. 3, Supplementary Material online) . The encoded signal peptides (19 aa long) of clan II IGVL genes have fairly conserved motifs at positions 5-6 (LL) and positions 9-13 (T(S)LLTQ). In addition, the clan II signal peptides have a characteristic hydropathy profile, which distinguishes them from the signal peptides encoded in other IGVL genes (supplementary fig. 4 Based on the similarities in molecular markers present in the signal peptides and in the encoded amino acid sequences of V-exons, 4 and 12 homologs of clan II IGVL genes are identified in cow (two functional and two pseudogenes) and horse (five functional and seven pseudogenes), respectively (table 1). A list of clan II IGVL genes is given in supplementary table 2M(Supplementary Material online). Any homolog of clan II genes is not found in rodents (mouse and rat), prototheria (platypus), and metatheria (opossum) (table 1). These results suggest that the clan II IGVL genes probably evolved in eutherian mammals and were lost in the rodent lineage. 
, Supplementary Material online). Furthermore, two specific motifs, QS(T)V(I)TI and SK(T)SGNTAS(T)LTI(V)
SGLQA
Comparison of Clan II Leader Exons between Primates and Nonprimates
To determine whether the leader sequences of the clan II IGVL genes in nonprimate species are potential candidates for the functional miR-650 genes, I compared the differences in the sequences of clan II leader exons between primate and nonprimate species. I have found that the CDSs of clan II leader exons in primates differ from those of nonprimate species by 2-nt positions, whereas the UTRs have differences in nucleotides at 10 different positions relative to nonprimate species ( fig. 5) . The computed net p-distance (i.e., the average p-distance between primates and nonprimates subtracting the differences within primates and nonprimates) in UTRs of clan II leader exons between primates and nonprimates is 0.146 (SE ± 0.045), whereas it is 0.008 (SE ± 0.008) in CDSs. To see whether the clan II IGVL genes in cow and horse produce the characteristic hsamiR-650-like folded structure, I analyzed their predicted secondary structures ( fig. 6 ). I have found that none of the predicted secondary structures of the hsa-miR-650 homologous regions in cow and horse clan II IGVL genes produce the characteristic stem loop of hsa-miR-650 gene.
Orthologous Relationship between miR-650-Bearing IGVL Genes
To understand the short-term evolution of miR-650-bearing IGVL genes, I determined the orthologous relationship between clan II IGVL genes. Because of the shortness and fast evolution of the immunoglobulin variable genes (Ota et al. 2000) , orthologous relationships are difficult to determine between sequences from distantly related species on the basis of phylogenetic analysis alone (Das, Nikolaidis, et al. 2008; Das, Nozawa, et al. 2008) . Even between closely related species, phylogenetic analysis gave ambiguous results for some sequences as indicated by relatively low bootstrap values (Das, Nozawa, et al. 2008) . As the divergence times between human-chimpanzee (;6 Ma) and human-orangutan (;13 Ma) are relatively short (Sibley and Ahlquist 1987) , I examined the orthologous relationships between the miR-650-bearing IGVL sequences (clan II) of human, chimpanzee, and orangutan. As in a previous study of orthologous relationships between immunoglobulin heavy chain variable genes in human and chimpanzee (Das, Nozawa, et al. 2008) , the orthologous relationships of clan II IGVL genes were determined by phylogenetic analysis using .80% bootstrap support as a criterion of orthology and by the similarity of repetitive elements that flank them. The clan II IGVL genes in macaque were not used as outgroup because both the phylogenetic analysis and the analysis of flanking repetitive elements failed to detect orthologous relationship for more than 50% of the sequences. One limitation of the analysis is the incompleteness of the chimpanzee genomic sequences. The contigs of IGVL locus are fragmented and the genomic positions of some regions are not determined in chimpanzee, though all the miR-650-bearing IGVL genes are in the continuous region in human and orangutan.
The results of the analysis revealed that although the number of miR-650-bearing IGVL genes in human, chimpanzee, and orangutan is apparently similar (9, 10, and 11 in human, chimpanzee, and orangutan, respectively) multiple events of duplications or deletions of clan II IGVL genes occurred in these three species (fig. 7) . Three and one possible duplication events occurred in the orangutan (for IGVL gene   FIG. 4. -Alignment of clan II functional IGVL sequences. The cladistic molecular markers that are the characteristics of clan II sequences are highlighted. The conserved motifs are defined by ignoring amino acids that appeared in only one sequence. Dots represent the same amino acid residue as in the first sequence. The numbering of the amino acid positions in the V-segment is based on human immunoglobulin light chain variable sequences (IGVK and IGVL) according to Das, Nikolaidis, et al. (2008) . The arrow indicates the absence of Ser/Thr of position 7 (a gap relative to IGVK sequences), which is used as a molecular marker for immunoglobulin light chain isotypes differentiation. numbers 2, 3, 4, 7, and 8) and chimpanzee (for IGVL gene numbers 1, 10) lineages, respectively. One ortholog of human (gene number 6) and chimpanzee (gene number 5) clan II IGVL genes is lost in the orangutan lineage. The analysis shows that some IGVL genes became nonfunctional after speciation. For example, in the human (gene number 8) and orangutan (gene number 8), one nonfunctional clan II IGVL is found whose ortholog in chimpanzee are functional. Like IGVL genes, several miR-650 genes became nonfunctional after speciation. The duplications or deletions of miR-650 genes exactly follow the duplications or deletions of the host IGVL genes. However, the miR-650 genes can become nonfunctional independently of the IGVL genes.
Discussion
Organization of miR-650 Genes in Relation to the IGVL Genes
In the present study, I have found multiple copies of miR-650 genes in the primate IGVL locus. They all show FIG. 5.-Alignment of leader exons of clan II functional IGVL genes. The sequences include 2 and 5 nt upstream and downstream of the leader exons, respectively (similar to miR-650 genes in primates). Dots represent the same nucleotide as in the first sequence. For primates, one representative of clan II leader exons from each species is shown. The differences in the specific sites as compared with functional miR-650 genes in primate species are indicated by ''*'' (for one nonprimate species) and ''**'' (for both nonprimate species), respectively. If the majority of the nonprimate sequences have a nucleotide different from that of the primate sequences, the site is considered to be different between primate and nonprimate species. The ''þ'' indicates the nonconserved sites (,80% conservation) among functional miR-650 genes in primates (see alignment of functional miR-650 sequences in fig. 2 ).
FIG. 6.-Predicted secondary structures of (A) hsa-miR-650 sequence, (B) homologous sequence in horse, and (C) homologous sequence in cow. The nucleotides in the MR and CR of hsa-miR-650 sequence and their homologous region in horse and cow sequences are marked in yellow and red colors, respectively. The nucleotide at the 5# end is marked in blue color. the same overlap with the leader exon of IGVL genes. In previous studies, several genomewide screens have been undertaken to determine the genomic locations of miRNA genes relative to other genes. Rodriguez et al. (2004) found that most of the known mammalian miRNAs were located within introns of either protein-coding or noncoding TUs, or in intergenic regions, whereas only a few were located in exons of noncoding RNAs or UTR of protein-coding genes. In a systematic scanning of the entire human genome Bentwich et al. (2005) found 434,239 potential hairpins including 86% of known miRNA genes, but none of them were located in protein-coding regions. It seems, therefore, that the overlap between miR-650 gene and the leader exon of IGVL gene may be a very rare form of association between RNA-based regulatory genes and protein-coding genes. To my knowledge, this is the first report of a genomic association between miRNA genes and the exonic regions of protein-coding genes of a multigene family.
Expression of miR-650 Genes
Most vertebrate miRNAs are expressed in a developmentally regulated or tissue-specific manner (LagosQuintana et al. 2002; Cullen 2004) . Usually, if the miRNA genes are located in the intergenic regions, they have their own promoter, but if they are located in the TUs in the same transcriptional orientation, they generally cotranscribe with host genes using the same promoter (Bartel 2004; Eis et al. 2005; Kim and Kim 2007) . The miRNA genes located in the intronic regions are either processed out from intron lariats or from the primary transcripts before splicing (Rodriguez et al. 2004; Kim and Kim 2007) . In the case of miRNA genes found within the UTRs, the processing of miRNAs may sometime inhibit the expression of the linked protein-coding genes by removing the mRNA poly(A) tail (Cullen 2004 ). In the case of the association between IGVL and miR-650 genes, the situation may be different. Like other antibody-coding genes, the IGVL genes require IGVL-IGJL recombination to produce functional proteins and this event occurs during an early stage of B-cell differentiation (Klein and Hořejší 1997) . The transcription of IGVL genes takes place only after the occurrence of recombination between IGVL and IGJL genes. However, because the miR-650 gene is known to be expressed in human colorectal cells (Cummins et al. 2006) in which the IGVL gene remains in a germline configuration (i.e., IGVL does not recombine with IGJL), the transcription of miR-650 gene may not require such recombination. Several studies in which miR-650 expression was not detected in B-cells (Liu et al. 2004; Landgraf et al. 2007; Lawrie et al. 2008 ) support this conclusion. Hence, contrary to a previous proposition for miRNA genes located in the TU (Bartel 2004; Eis et al. 2005; Kim and Kim 2007) , cotranscription may not be necessary for the expression of miR-650 and IGVL genes because they express themselves in colorectal and B-cells, respectively. However, the IGVL and the miR-650 genes may nevertheless use the same promoter region for their transcription as no miRNA-specific transcriptional element was found in the 300 nt upstream of the leader exon of IGVL genes, and in the overlapping segment the two genes are in the same transcriptional orientation. It is proposed therefore that depending on the cell type, the promoter region of the miR-650-bearing IGVL gene may function in two separate processes: in miRNA biogenesis (recombination-independent transcription) and in protein synthesis (recombination-dependent transcription). If so, it would be a novel RNA-processing control in an overlapping structural association between miRNA and proteincoding genes.
Origin and Evolution of the Association between miR-650 and IGVL Genes
The miR-650-bearing IGVL genes belong to clan II of phylogenetically closely related genes (see fig. 3 ). The analysis using molecular markers suggests that the clan II IGVL genes are not restricted to primates but are also found in nonprimate species, such as cow and horse. However, the clan II IGVL genes have not been found in the mouse and rat. No clan II homologs have also been found in platypus and opossum. It is, therefore, possible that clan II IGVL genes may have originated in eutherian mammals and afterward they were lost in certain eutherian lineage(s) (i.e., rodents). Although clan II IGVL genes are present in nonprimate species, both sequence comparison and structure predictions indicate that the leader exon of clan II IGVL genes may act as functional miR-650 genes only in primates (see figs. 5 and 6). The absence of clan II IGVL genes in rodents also supports the notion that expression of miR-650 genes might be restricted to primates only. No experimentally determined target genes of miR-650 have been reported thus far. A list of computationally predicted target genes is, however, available in the miRBase (GriffithsJones et al. 2008) . Interestingly, .95% of the predicted targets of human miR-650 genes have orthologs in the mouse (not shown). Although miRNA target-gene prediction methods have several limitations, this finding, together with previous reports that one miRNA can target several mRNAs and one mRNA can be targeted by multiple miRNAs (Houbaviy et al. 2005; Lim et al. 2005) , suggests that possibly in nonprimate species some other miRNAs may regulate the common targets that in primates are regulated by miR-650.
By reconstructing the phylogeny of the clan II IGVL genes, the stages in which the point mutations accumulated in the leader exon to give rise to a stable hairpin structure as the precursor of miR-650 could be documented. As shown in figure 1A , the UTR regions of the clan II leader exons contain the mature miRNA sequence in primates, whereas its complementary sequence is located in protein-coding regions. To understand the mode of origin of miR-650, I compared the sequences of clan II leader exons between primate and nonprimate species. The sequence comparison shows that the protein-coding regions are mostly conserved between primate and nonprimate species except at 2-nt positions (see fig. 5 ), but as compared with nonprimate species, the UTRs of primates clan II IGVL genes are different at several nucleotide positions. The predicted secondary structures indicate that the sequences of clan II IGVL genes in cow and horse can fold but that none of the folds has the characteristic hairpin structure of the primate miR-650 genes (see fig. 6 ). It may be, therefore, possible that accumulation of nucleotide changes in the leader exons of clan II IGVL genes, particularly in the UTRs have led to the birth of functionally stable miRNA hairpins in primates. Once the leader exons of clan II IGVL genes became stable hairpins, the target of the miR-650 may have been chosen at random, based on complementarity between the potential seed sequence and the 3# UTR of mRNAs. This supports the random selection hypothesis that assumes accumulation of nucleotide changes and subsequent target acquisition of miRNA (Svoboda and Di Cara 2006) . Figure 8 shows the hypothetical evolutionary scheme of miR-650 along with clan II IGVL genes, based on the evolutionary tree of the species of mammals. The duplications or deletions of miR-650 genes in the different primates followed the duplications or deletions of the host gene (IGVL gene) (see fig.  7 ). The functionality of the miR-650 gene is, however, not dependent on the functionality of the overlapping IGVL gene, except in the situation where IGVL becomes nonfunctional because of a mutation in the promoter region. Evolution of miRNA Genes in IGVL Gene Family 1187
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